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.2012.12.Abstract The objective of the presented work is to demonstrate the metabolism of 1,2 propandiol
by Lactobacillus reuteri and to elucidate the metabolites produced during the process. This Meta-
bolic pathway is crucial for biotechnological applications using L. reuteri in bioconversion of glyc-
erol to industrially important plate-form chemicals. L. reuteri grown on minimal media containing
1,2 propanediol was able to utilize the compound as a sole carbon and energy source. The growth of
the bacteria was linear with time; however the speciﬁc growth rate was signiﬁcantly low compared
to bacteria grown on the same media in the presence of glucose.
The fermentation of 1,2 propanediol by L. reuteri in presence and absence of glucose was fol-
lowed for 72 h and the metabolites produced during the process were detected using HPLC. 1,2 Pro-
panediol was completely converted to propionaldhyde in a time dependent fashion, this process had
a higher rate in presence of glucose. Consequently the produced propionaldhyde was converted to
propionic acid and propanol in a skewed equimolar manner. In presence of glucose: acetic acid, lac-
tic acid, succinic acid and ethanol were detected while in absence of glucose only minute amounts of
acetic acid and lactic acid were detected which indicates presence of different metabolic pathways
for glucose and 1,2 propanediol metabolism. Resting cells of L. reuteri induced in presence of 1,21153645.
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54 H.M. Amin et al.propanediol have shown signiﬁcant capabilities to convert aqueous glycerol to 1,3 propanediol, 3-
hydroxypropionaldhyde and a compound proposed to be 3-hydroxypropionic acid as detected by
gas chromatographic technique.
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Degradation of the common plant cell wall sugars fucose
and rhamnose under anaerobic conditions produces 1,2
PD, which is used as a carbon and energy source by a num-
ber of enteric bacteria and by bacteria that grow in environ-
ments such as aquatic sediments where 1,2 PD is readily
available due to the breakdown of plant material [13].
Catabolism of 1,2 PD requires a complex pathway that is
ultimately provides the cell with propionyl-CoA, an electron
sink, and ATP [13]. The proteins involved in 1,2 PD degra-
dation are encoded by the genes of 1,2 PD utilization (pdu)
operon [11]. These genes code for diol dehydratase and
other proteins which have been involved in production of
3-HPA and 1,3 PD from glycerol [13,18,26].
Natural producers of 1,3 PD and 3-HPA from glycerol are
of genera Klebsiella [10,19,37], Clostridia [6,18,24], Citrobacter
[28], Enterobacter [38] and Lactobacilli [27]. Several Clostridial
species such as non-pathogenic Clostridium butyricum [26],
Clostridium pasteurianum [1] grow on glycerol and form 1,3
PD. Facultative anaerobes such as Klebsiella pneumoniae and
Citrobacter freundii also appeared to be suitable for 1,3 PD
and 3-HP production. Although it might be easier to handle
facultative anaerobes, but since all these strains are classiﬁed
as opportunistic pathogens, special safety precautions are re-
quired to grow them. Along with K. pneumoniae, other species
of same genera have also been exploited for 1,3 PD and 3-HP
production, such as Klebsiella oxytoca [37], Lactobacillus bre-
vis, Lactobacillus buchneri [34].
Lactobacillus reuteri is a heterofermentative lactic acid bac-
terium and is frequently found in the gastrointestinal tract of
humans and other animals. L. reuteri has been reported to ex-
hibit ‘‘probiotic’’ properties. It has been extensively analyzed
for probiotic applications, including its safe administration
to healthy individuals, its ability to colonize the intestine, as
a diarrhea therapeutic agent, as an inhibitor of bacterial patho-
gens, and the immunological modulation of the gastrointesti-
nal mucosa [3,20,25,29,33,36]. Some strains of L. reuteri have
the ability to produce and excrete the broad-spectrum antimi-
crobial compound reuterin, which is structurally identical to 3-
HPA, during anaerobic metabolism of glycerol [5,31,32]. The
probiotic effects of L. reuteri have been proposed to be largely
associated with the production of reuterin, and this antimicro-
bial substance is also an effective food preservative agent
[16,35].
L. reuteri have been also shown to use glycerol as an exter-
nal hydrogen acceptor source during fermentation [22]. This
study was undertaken to investigate the correlation between
the utilization of 1,2 PD by L. reuteri and its potential for bio-
conversion of glycerol to 1,3 PD, 3-HPA and 3-HP.2. Materials and methods
2.1. Bacteria and growth conditions
L. reuteri DSM 20016 was obtained from DSMZ culture col-
lection (Germany). The stock culture was kept at 20 C in
solution containing MRS broth (Defco, England) and 20%
glycerol. For inoculum preparation, 0.25 ml of stock culture
was added to 100 ml MRS broth supplemented with 20 mM
1,2 propanediol, incubated at 37 C for 8 h under anaerobic
condition. This induction process was done once more before
the culture being used for inoculation of the fermentation
media.
2.2. 1,2 Propanediol metabolism
In a 500 ml conical ﬂask, 250 ml Modiﬁed MRS (MOD-MRS)
containing 100 mM 1,2 propanediol were inoculated with 1%
of the pre-cultured L. reuteri. The micro-organism was left to
grow anaerobically for 72 h at 37 C. MOD-MRS composition
(per liter) 5 g Bactopeptone, 4 g Lab-lemco (Meat Extract), 2 g
Yeast Extract, 0.5 ml Tween 80, 1 g K2HPO4, 3 g NaH2PO4Æ-
H2O, 0.6 g CH3COONa, 0.3 g MgSO4Æ7H2 and 0.04 g
MnSO4ÆH2O. Ten milliliters samples were removed at different
time intervals and pelleted. Supernatant was stored at 20 C
until tested for presence of metabolic products.
2.3. Effect of glucose addition on 1,2 PD metabolism
To the previously mentioned MOD-MRS media supplemented
with 1,2 PD glucose were added (40 mM) at zero time. In a sec-
ond set of experiments 40 mM glucose were added prior to 1,2
PD depletion from the media. In the third set of experiments
glucose solution was fed batched so that 30 mM were added
at zero time and the remaining 10 mM were added prior to
1,2 PD depletion from the media. Control experiments were
performed by culturing L. ruteri cells on the same media with-
out glucose addition. Samples (10 ml) were taken every 12 h
and OD was measured to calculate cell density. Cells were cen-
trifuged and supernatant was tested for production of propi-
onic acid, propanol and propionaldehyde.
Biotransformation of glycerol to 1,3 propanediol by resting
cells of L. reutri Biotransformation was performed anaerobi-
cally in a cooling thermomixer KTMR-133 (HLC-Biotech,
Germany) set at 800 rpm and 37 C unless mentioned other-
wise reaction mixture (2 ml) volume contained resting cells of
L. reuteri (20 mg) and glycerol (100 mM) in distilled water.
At different time intervals samples were taken and quantitative
determination of glycerol l,3-hydroxypropionaldyde and 1,3
propandiol was carried out.
a b
Figure 1 Growth kinetics of L. reuteri 20016 on MOD-MRS supplemented with 40 mM 1,2 PD in presence (H1 ¤, H2 m, H3 n) and in
absence (H4 ·) of glucose. (a) Growth measured by optical density, (b) kinetics of growth.
Figure 2 Bioconversion (a) and metabolic products (b and c) during 1,2 propanediol utilization by L. reuteri 20016 in absence of glucose.
Figure 3 Metabolism of 1,2 propanediol through expression of
Pdu operone.
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Cell growth: Cell growth was followed by measuring OD at
620 nm using spectrophotometer Ultrospec 1000 (Pharmacia
Biotech, Uppsala, Sweden) and then correlated with CDW.
For determination of dry cell weight: Cultured cells were
recovered by centrifugation (10,000g for 5 min), and washedusing distilled water and dried overnight in an oven at 85 C
then weighed.
2.5. Measurement of metabolites and substrate
Determination of propionic acid, n-propanol, 1,2 propanediol,
glucose, succinic acid, lactic acid, acetic acid and ethanol con-
centrations were done by HPLC (JASCO, Tokyo, Japan)
equipped with RI detector (ERC Inc., Kawaguchi, Japan)
and JASCO intelligent autosampler. Separation of the com-
pounds was performed using Aminex HPX 87-H cation exclu-
sion chromatographic column (Length 300 mm, ID 7.8 mm,
particle diameter 9 lm, Bio-rad Laboratories, CA, USA) con-
nected to Micro-guard cartridge. The column temperature was
kept at 55 C using oven (Schimadzu, Kyoto, Japan). Samples
were diluted with MilliQ water, treated with 20% w/w sulfuric
acid (20 ll/ml sample) and then ﬁltered through 0.45 lm poly-
propylene ﬁlters. Fifty microliters of the sample was injected in
5 mM H2SO4 as a mobile phase and the ﬂow rate was 0.6 ml/
min.
In glycerol bioconversion experiments by resting cells of L.
reutrei determination of glycerol, 1,3 propanediol, 3-hydroxyp-
roionaldhye and 3-hydroxypropionic acid concentrations were
performed using gas chromatography (GC, Varian 430-GC,
Figure 4 Bioconversion and metabolic products during 1,2 propanediol utilization by L. reuteri 20016 in presence of glucose (a) 40 mM
glucose added at zero time. (b) 40 mM glucose added prior to 1,2 PD depletion from the media (c) 30 mM glucose added at zero time and
10 mM added prior to 1,2 PD depletion.
56 H.M. Amin et al.Varian, USA) equipped with Factor Four Capillary column,
VF-1 ms (Varian, 15 M · 0.25 mm) and a ﬂame ionization
detector. The initial column oven temperature was increased
from 50 to 250 C at a rate of 20 C/min. The samples, diluted
with acetonitrile at concentration of 0.1–0.5 mg/ml, were in-
jected in split injection mode of 10% at 275 C.
3. Results and discussion
Biofuel has increasingly become a reliable alternative for en-
ergy production. At the meantime depletion of fossil fuels,environmental concerns and the concept of sustainability
made the chemical industries seriously exploring bio-based
renewable feed stock for producing bulk chemicals and the
ﬁrst half of the 21st century may witness this dramatic shift
from petroleum production to bio-based renewable products
[23]. For every 100 gal of biodiesel that is produced, 5–10 gal
of the less glamorous crud glycerol are left behind with a
sparking debate about the best uses of this waste [7,21]. L.
reuteri have been shown to use glycerol and thus could be
employed for production of useful bulk chemicals from glyc-
erol [22].
Figure 5 Bioconversion of glycerol using resting cells of L. reuteri: resting cells induced in presence of glucose; 40 mM glucose added at
zero time (a), 40 mM glucose added prior to 1,2 PD depletion from the media (b), 30 mM glucose added at zero time and 10 mM added
prior to 1,2 PD depletion (c). Resting cells induced in absence of glucose (d).
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58 H.M. Amin et al.In this work we present evidence that 1,2 PD metabolism by
L. reuteri 20016 resulted in production of commercially impor-
tant chemicals including propionaldehyde, 1-propanol and
propionic acid. The results presented in Fig. 1 shows the time
dependent growth of L. reuteri 20016 metabolizing 1,2 PD as a
sole carbon and energy source. The pathway of 1,2 PD metab-
olism necessitates the expression of Pdu operon [2,9,15,16],
such operon is a complex gene cluster containing number of
gene that code for carboxysome formation and B12 dependent
1,2 PD degradation [4,12,13,30].
In this work HPLC analysis of metabolic products of 1,2
PD utilization by L. reuteri DSM 20016. Fig. 2a conﬁrmed
that 1,2 PD was converted ﬁrst to propionaldhyde by vit
B12 dependent diol dehydratase as reported by several authors
[2,9,15,16]. Subsequently, propionaldhyde is catabolized to n-
propanol and propionic acid presumably by co-enzyme A
dependent aldehyde dehydrogenase, phosphotransacylase,
propionate kinase and alcohol dehydrogenase [30]. This path-
way provides a source of ATP and carbon compounds such as
acetic acid and lactic acid Fig. 2b that can be diverted to cen-
tral metabolism of known pathways [13]. Moreover, Kroon-
eman et al. [14] reported the isolation of novel strains of
Lactobacillus diolivorans sp. from maize silage. These Lactoba-
cilli were able to degrade 1,2 PD under anoxic conditions to 1-
propanol and propionic acid via propionaldehyde intermedi-
ate. The results in this work and those reported elsewhere
[13,14] supported the idea that 1,2 PD metabolism proceeded
through expression of the pdu operone (Fig. 3).
Optimization for the production of speciﬁc compounds
from 1,2 PD might require batch, fed batch or continuous
addition of glucose to the production medium in order to build
enough biomass and/or providing the required energy source
[18,31,32]. In this paper the effect of glucose addition on
metabolism of 1,2 PD by L. reuteri DSM 20016 was studied,
Fig. 4 illustrated the degradation of 1,2 PD and metabolism
of glucose added at different times of fermentation. Biomass
production was increased after glucose addition. This increase
in biomass accelerated the metabolism of 1,2 PD, however the
products of glycerol bioconversion remain the same in pres-
ence and/or absence of glucose. As shown in Fig. 4, glucose
was metabolized to ethanol, such assumption was deducted
from the co-incidence between the onset of ethanol production
and glucose addition (as in Fig. 4a and b). the results illus-
trated in Fig. 4c indicates a lag period between ethanol produc-
tion and addition of glucose (30 Mm), this lag period could be
attributed to low biomass production after glucose (30 mM)
addition as shown in Fig. 1, and moreover no ethanol was de-
tected in absence of glucose. These results suggest that glucose
addition was not essential for 1,2 PD metabolism and that the
metabolism of glucose and 1,2 PD followed different metabolic
pathways which are neither interactive nor repressive.
L. reuteri has been utilized in several processes for produc-
tion of 3-HPA from glycerol [31,32]. The catalytic ability of
this bacterium to convert 1,2 PD and/or glycerol to commod-
ity chemicals such as propionaldehyde, 1-propanol, propionic
acid and their hydroxyl derivatives 3-HPA, 1,3 PD, 3-hydroxy-
propionic acid was attributed to the successful expression of
their pdu genes. Thus, Morita et al. [39] performed compara-
tive genomic analysis for Lactobacilli. The results of this inves-
tigation revealed that L. reuteri has a unique gene cluster (pdu)
that could be utilized for the conversion of glycerol into 3-
HPA via the expression of diol (glycerol) dehydratase. 3-HPA could be metabolized further by dehydrogenase to pro-
duce 1,3 PD and hydroxypropionic acid.
The expression of Pdu gene cluster of L. reuteri 20016 might
be exploited for bioconversion of glycerol or glycerol–water to
3-HPA, 1,3 PD and 3-HP by resting cells induced by growth
on 1,2 PD. The work of Hartlep et al. [17] in 2002 employed
a two-step fermentation process that was used for production
of 1,3 PD and 3-HPA from glycerol. In the ﬁrst step cell mass
was produced in presence of inducer (glycerol or 1,2 PD), the
second step involved the conversion of glycerol to 3-HPA and
1,3 PD by the resting cells. Such techniques might reduce the
cost for downstream processing, eliminate the inhibition by
metabolic products such as acetic acid and ethanol and would
allow for the development of cost efﬁcient continuous produc-
tion of plat-form chemicals from glycerol waste water in this
work. The resting cells of L. reuteri grown on MOD-MRS sup-
plemented with glucose and in absence of 1,2 PD or glycerol
was not able to produce any bioconversion product when incu-
bated with glycerol. Meanwhile Fig. 5 shows the results of uti-
lizing resting cells of L. reuteri induced by 1,2 PD in presence
and in absence of glucose for bioconversion of glycerol–water
to 1,3 PD, 3-HPA and 3-HP. It is evident that induction con-
dition for obtaining the resting cells such as the presence of
glucose, oxygen level and temperature might play an important
role in optimization of the production process. Yet the pres-
ence of inducer to the Pdu operon such as 1,2 PD and/or glyc-
erol is an essential requirement. Process development for
optimization of the production of 1,3 PD by resting of L. reu-
teri has been accomplished [8]. Bioconversion products of glyc-
erol are valuable intermediates in green chemistry and
renewable resources which have wide range of applications
that will be the target of our future work.Acknowledgements
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